Up to date, three gravity models for the Andean section at 32° south latitude have been published. Two of them did not have seismic reflection/refraction data to constrain the subsurface geometry. The other one included seismic data to fit thicknesses and determined density contrasts using velocity-density curves. Furthermore, all previous models assumed a homogeneous mantle. In this paper a new gravity model is computed for a two-layer crust of the Andean section at the 32° south latitude. It involves new seismic depths for the Andean foreland, recent worldwide velocity-density relationships and a simple model of the subducting slab. The shape of the Nazca plate is defined from available contour maps of the Wadati-Benioff zone of western South America. The slab density contrast with respect to the surrounding mantle is estimated to be +1.6% (3.5-5.5% velocity anomaly), which reproduces the longwavelength gravity anomaly. The modelled crustal structure is analyzed taking into account interpretations derived from seismic data. Crustal thicknesses vary from about 50 km in the Sierras Pampeanas to 71 km in the Andean belt. According to this model, most of the thickening takes place in the upper crustal layer, in the region between the Precordillera and Pampean Ranges. These results agree with recent seismological data. A Cenozoic lower crust shortening of 146 km to an initial crust 40 km thick is calculated from the computed crustal roots. This estimate of shortening is within 10% of previous calculations from gravity models. Also, it shows consistency with independent estimate of crustal shortening derived from geological balanced cross-section at the same latitude.The computed crustal model here presented assumes that the gravity excess from the Nazca plate is balanced by means of a deficiency of density produced by crustal thickening. So, there is no net mass variation at the base of the lithosphere (»180 km). Therefore, considering upper mantle density variation does not affect previous inferences about the present isostatic state close to the balance in the Airy system. Key words: Gravity field; Andean belt; Heterogeneous upper mantle. 
INTRODUCTION
About 30 years ago, earlier crustal model at latitude 32° south was published in order to fulfill the recommendations arising from the Conference about Problems of the Solid Earth (Buenos Aires, Argentina, 1970) . Thus, two Argentine Schools, Universidad Nacional de Rosario and Universidad Nacional de San Juan carried out gravity measurements on the Andean region of San Juan (Fig. 1) . These values together with gravity data collected by the Universidad de Chile (Dragicevic, 1970) and the Instituto Geografico Militar de Argentina, were used to prepare the profile known as "South American Transcontinental Gravity Profile-32° S Parallel" (Introcaso & Huerta, 1972) . By using these data for continental Argentina and Chile, these authors prepared a one-layer crustal model which had no seismic constraints. This profile, extended to the west in order to include the oceanic region, was reinterpreted (Introcaso & Pacino, 1988a) by modelling a three-layer crust and assuming global density values identical to Woollard´s (1969) . The next model which involved both thicknesses from seismic data and Pwave velocities, resulted in a seismic-gravity model in which a two-layer crust was computed (Miranda & Introcaso, 1993) . In all models, the reference (or normal) crust was 32-33 km thick and the densities were related to P-wave velocities according to the empirical curve from Nafe-Drake (1965) . In addition, the Andean uplifting mechanisms during Cenozoic times were analyzed considering only the crustal structure. However, geological evolution of the study segment is strongly related to the sub-horizontal subduction regime (Isacks, 1988) . Therefore, an improved analysis should involve both crust and upper mantle.
In the present study it is presented a new model for the crustal structure at 32° S latitude. This model takes into account: 1) a velocity model derived from seismic data (Cominguez, 1989 , Pardo & Fuenzalida, 1988 , and the new crustal velocity-density relationships of Christensen & Mooney (1995) that converts velocity to density values, 2) a reference crust of 40 km thickness (Mooney et al., 1998) , 3) in terms of upper mantle lateral density variation by adopting a Nazca plate model based on seismological information to define its geometry, and temperature regime calculated to descending slabs in the world to determine the starting contrasts of densities. Crust-mantle interface depths and crustal structure computed from the modelling of gravity anomalies show consistency with seismic results for this region (Regnier et al., 1994) . The estimate of 30% Cenozoic crustal shortening agrees with previous values calculated from gravity models.
DENSITY STRUCTURE
In order to estimate a simple one dimensional density model beneath the 32° S latitude, it is included seismic data of P-wave velocities and thicknesses for Chile and Argentina. Thicknesses have also been used to constrain the gravity modelling.
Reflection seismic data up to about 40 km depth were reprocessed by Cominguez (1989) . These data fall on an east-west line about 60 km long, located at the latitude of 32.3° S between 68.08° and 68.7° W meridian, in Argentina. The segment analyzed is situated between the Sierras Pampeanas, eastward, and the Precordillera, westward. The transition of P-wave velocities from 6.7 km/s to 7.1 km/s was recognized to be at about 30 km depth.
Crustal and thickness velocity structures have (Pardo & Fuenzalida, 1988) . They modelled a 4-layer crust, using the method of minimum apparent velocity from refraction seismic data (see Tab. 1, in Pardo & Fuenzalida, 1988) . The reported data involve uncertainties ± 0.05 km/s in compressional wave velocities and ± 10 % in thicknesses.
According to this velocity model, the first three layers probably merge into an unique layer, which involves typical upper-middle crustal seismic velocities (Christensen & Mooney, 1995) , ranging from 5.5 km/s to 6.6 km/s. The remaining layer is identified to be the lower crust, where velocity varies from 7.0 km/s to as much as 7.1km/s. The upper mantle velocity is 8.0-8.1 km/s. In order to estimate a density model beneath the Andean orogenic system at about 32°S latitude, the nonlinear velocity-density regression line parameters from Christensen & Monney (1995) were used. They summarized the velocity structure of the continental crust based on a worldwide data set of seismic refraction profiles, and inferred crustal composition as a function of depth by comparing these results with high-pressure laboratory measurements of seismic velocities for a wide range of rocks that are commonly found in the crust.
The mean velocity of the upper crustal layer is estimated to be 6.03 km/s as a weighted average thickness and velocity. From 10-20 km depth parameters of Cristensen-Mooney relationships (see Tab. 8), a density of 2.72 g/cm 3 was derived. The lower crust has an average velocity of 7.02 km/s, and a density of 3.06 g/cm 3 . The upper mantle has a density of 3.41 g/cm 3 . These density values were calculated according to 20-40 km depth and 50 km depth parameters of Christensen-Mooney, respectively (see Tab. 8 in Christensen & Mooney, 1995) .
Assuming density contrasts to be constant within every layer, and in order to model the crustal structure at 32° S, the following values are considered: -0.35 g/cm 3 and -0.34 g/cm 3 for the crust-upper mantle and upper-lower crustal layer density contrasts, respectively.
NAZCA PLATE MODEL
The framework of the global tectonic implies subduction and lithosphere subsidence in convergent plate edges. This process affects the local temperature regime, as can be seen in the observed changes of geophysical variables such as thermal flows, seismic wave velocities and earth gravity field, among others. Gravity effects of the subduction system have been com- puted on different segments of the Andes, i.e. from 20° S to 26°S by Strunk (1990) , at 21° S by Götze et al. (1995) , at 24° 25' S by Introcaso & Pacino (1988b) . Also, Allmendinger et al. (1990) , by analysing an Andean section at 30° S, pointed out that because of flat subduction, crustal thicknesses could be remarkably greater than those predicted from isostatic anomalies.
Detailed maps of the geometry of the WadatiBenioff zone (WBZ) in the west of South America have been drawn from earthquake location and focal mechanism solutions (Cahill & Isacks, 1992) . These maps show the path of the oceanic plate at 32 o S, which exhibits "normal"dip (≈30 o ) to about 100 km depth, where the slab proceeds subhorizontally (≈5°) for some 300 km before dipping steeply into the upper mantle ("resubducting") beneath the western border of the Sierras de Cordoba (Fig. 2) .
As a result to the low angle dipping, there is no asthenospheric wedge between continental and oceanic plates. Therefore, the thermal component contribution to produce topography is not significant (Isacks, 1988) . Besides, a flat WBZ could produce uniform effects over the long-wavelength gravity anomaly components (Fann et al., 1996) . Sacks (1983) examined the flat subduction (or buoyancy model) beneath central Peru. He observed Smalley & Isacks, 1987) . The distribution of Neogene volcanos (triangles) (Isacks, 1988) shows an active magmatic arc over the steep WBZ segment and the absence of an active arc over the flat segment. Smalley & Isacks, 1987) . La distribución de volcanes neógenos (triángulos) (Isacks, 1988) muestra el arco magmático activo sobre el segmento donde la zona WBZ inclina en forma normal, y la zona de arco magmático ausente sobre la región de subducción plana. that the low regional heat flow (about 30 mW/m²) combined with the young age of subducted oceanic plate (≈50 Ma) and its high rate of subduction (about 10 cm/yr) acts to retard the basalt-eclogite transformation in the subducting oceanic crust. Sacks showed that when the basalt-eclogite transformation is delayed, the plate can remain buoyant for long periods of time. Thus for modelling purposes, in this paper the flat subduction is assumed to be the result of slab buoyancy.
Figura 2 -Mapa del oeste de Argentina y Chile, ilustrando los rasgos tectónicos de la placa continental, el arco volcánico y los contornos de la zona de Wadati-Benioff (modificada de
The flat slab beneath San Juan region is estimated to have an age of about 50 Ma and a total thickness of about 80 km (Smalley & Isacks, 1987) . Furthermore, these authors reported a seismogenic zone of about 20.5±1.5 km within the plate, which is probably related to a cold thermal core in the subducted plate.
Heat flow measurements in San Juan and Mendoza region (Uyeda et al., 1978b) give the tentative heat flow value of about 20-25 mW/m² at the latitudes of 31° 33' S and 32° 48' S. In Chile, Uyeda et al. (1978a) infer a similar low value at 28°-29° S latitude. Recently, Muñoz & Hamza (1996) prepared a map of heat flow density for South America. Although the spatial distribution of data is non-uniform, they report low heat flow belts in coincidence with the flattening of the WBZ both in northern Peru and central Chile extending into Sierras Pampeanas in Argentina. These low heat flows could be associated with an absent asthenospheric wedge.
There is no velocity mantle model beneath San Juan. Therefore, it has been adopted a rough but tentative density model for the subducted plate.
The thermal structure of the plate can be considered to be similar to the one before subduction occurred, because of the low temperature of the continental plate on flat slab region, as Norabuena et al. (1994) pointed out. Based on that assumption, temperatures in the slab should be 350° C at a depth of 15-20 km inside the slab and approximately 600°C at a depth of 30-35 km. Thus, a cooling of the oceanic plate of 300°C to 500°C could be assumed (Helffrich et al., 1989) . Moreover, temperature is related to density through the thermal coefficient of volume expansion (α), which for upper mantle material is α ≈ 2.5 x 10 -5 °C -1 (Duffy & Anderson, 1989) . This yields slab density contrasts of +0.025 to +0.04 g/cm 3 , with a 3.38 g/cm 3 normal density for the lithospheric mantle.
Furthermore, both the phase change and the difference in pressure and the difference in bulk composition as well contribute to the net contrast (Helffrich et al., 1989) . Thus, the computed values represent a lower bound on the density contrast of the slab.
In the modelling, two dipping planes were placed 80 km apart to define the upper and lower surface of the slab. The density contrasts were set from +0.025 to +0.04 g/cm 
CRUSTAL MODEL
The gravity data were sampled at 10 km intervals along the Andean belt, the Precordillera and the Western Pampean Ranges. Gravity values were reduced with a density of 2.67 g/cm 3 . Bouguer anomalies reach the amplitude of -310 mGal on the highest mean altitudes of 4200 m over the Andes at this latitude.
The crustal model derived from gravity and seismic data was prepared following the method proposed by Pacino & Introcaso (1987) . Thus, the upward con- Table 1 -Principal features for different gravity crustal models at 32°S are shown. T n is normal crustal thickness; ∆σ 1 and ∆σ 2 are density contrasts at the top of the lower crust, and at crust-mantle level; ∆R máx. is the maximum crust-mantle interface depth computed from gravity modelling. 
Tabla 1 -Se detallan las características principales de los diferentes modelos corticales en 32° S derivados de datos de gravedad. T n es el
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Figure 3 -Andean crustal gravity modelling at 32° S. Top: Observed and calculated gravity Bouguer anomalies at 20 km height. The observed Bouguer anomalies were continued 20 km upward where short wavelengths disappeared. Then they were inverted to obtain the cruts-mantle interface undulations. Middle: Observed and calculated gravity Bouguer anomalies at topographic level. Calculated anomalies represent the gravity effect from the model which was previously defined at 20 km height. They are in a good agreement with the observed Bouguer anomalies showing the model at the bottom is a suitable estimate of the regional structure. Bottom: Two layer crustal model and the subducted plate model which reproduce the regional anomalies. Density contrasts are indicated in g/cm 3 . Also, seismic depths from Pardo & Fuenzalida (1988) and Cominguez (1989) are shown. These thicknesses fit the bottom of the modelled first layer. Besides, Regnier et al. (1994) 's seismic depths are shown. They constrain the computed crust-mantle interface depth. . También se indican las profundidades sísmicas de Pardo & Fuenzalida (1988 ) y Cominguez (1989 . Estos espesores ajustan la base de la primera capa modelada. Además, se muestran las profundidades sísmicas de Regnier et al. (1994) . Ellas controlan las profundidades de la superficie corteza-manto calculada.
Figura 3 -
tinued gravity anomalies at H high were modelled by using a simple system of equivalent source. Then, the gravity effect of the derived model was computed again, but at the topographic surface. The last model would define both the true regional anomaly and the crust-mantle interface depths.
The gravity field at H= 20 km up (Fig. 2a) was computed. Before that, measured data on the topographic surface were reduced to a horizontal plane by means of the iterative procedure of Guspi (1987) .
By computing the crust-mantle interface undulations, the gravity effect of a two-layer crust was evaluated. Density values were adopted from the density model previously estimated. Moreover, the constructed dipping slab model was incorporated. The key assumption was that positive gravity effects from the descending plate are compensated only by the increase in crustal thickness.
Furthermore, a reference crustal thickness of 40 km was assumed at Moho level (Christensen & Mooney, 1995 , Mooney et al., 1998 and of 18 km at the top of the lower crust (Regnier et al., 1994) . It is also assumed that crustal thickness varies smoothly between points where depth is well determined.
The subducting slab densities were changed to +0.05 and 0.06 g/cm 3 (or about +1.6%), because they produced models that better resemble the long-wavelength component of the anomaly curve. These values are closer to those which have been used in similar models in other parts of the world (Grow & Bowin, 1975 , Tsokas & Hansen, 1997 .
The first layer matchs seismic depths interpreted by Pardo & Fuenzalida (1988) and Cominguez (1989) . The Moho topography in fig. 3b was derived by fitting into 10 % the observed and calculated gravity anomalies.
The maximum gravity crust-mantle boundary depth is estimated to be 71 km deep beneath Los Andes. A 7° westward dip of the Moho under the Andean foreland is modelled. Fig. 3b displays the Regnier et al. (1994) seismic Moho depths. He used a portable seismic network to study the region between Precordillera and Sierras Pampeanas. These seismic depths agree with the modelled Moho within 5 %.
DISCUSSION
Tab. 1 sums up the most important features to the all crustal models that have been prepared of the Andean section at about 32° S.
The foregone models produce crustal roots within 10% of the newest model. Many assumed parameters contribute to this difference (see Tab. 1). A reference crust of 40 km instead of a 30 km thick could only justify, at the most, 3 % of the observed disagreement. Thus, the assumed T n thickness is not so critical in the calculations. This lack of sensitivity, inherent to gravity field modelling, has been already pointed out for the Brazilian Shield (Lyon-Caen et al., 1985) and for the Andean belt at 32° S (Miranda & Introcaso, 1994) .
About the adopted density model, Christensen and Mooney's relationship estimates a high density for the lower crust. In contrast, the computed density for the upper crust layer is lower than the one predicted by the Nafe-Drake curve. So, the inferred contrast deficit is relatively high at the top of the lower crust. Modelling both the high density contrast and the constraining seismic depths considered for the first layer convey to the thickening of it at the expense of a thinner lower crust. In fact, Smalley & Isacks (1990) have located at a depth of 15 km and 35km the Neogene seismic activity for the Precordillera and Sierras Pampeanas region. They have also placed the brittleductile transition at 30-35 km depth. Thus the crustal structure in Fig. 3 shows that the crustal thickening would occur mainly by an increase of the brittle crust beneath both Pampean foreland and Precordillera. This result is consistent with those of Regnier et al. (1994) . The adopted Nazca plate structure, with a density contrast of about +1.6%, produced a model that fairly fits the long-wavelength gravity anomaly. For this density anomaly, velocity-density relationships predict about 3.5-5.5% velocity anomaly with the surrounding mantle, which is within the range reported in another slab boundaries (Helffrich & Stein, 1993) . In fact, large seismic velocity contrasts (+4-12%) between slab and surrounding mantle have been shown in numerous studies of reflections and conversions at slab boundaries (see Helffrich & Stein, 1993) .
According to the proposed model in Fig. 3 , the regional 1D shortening Sh was estimated, for the last 10 Ma. during which compressive forces caused crustal deformation (Mpodozis & Ramos, 1989) . By using the area balancing, the estimated Sh from longitudes 71° to 67.5° west (about 330 km long at latitude 32° S), is 146 km or 30%, to 40 km original thickness and 476 km wide to match the same area of deformation. Geological balanced cross sections across the Cordillera, the Precordillera and the Sierras Pampeanas indicate a crustal shortening of about 145 km at 32° S (Ramos et al., 1996) .
The ratio of the computed root area A R of the topographic area A T is A R /A T = 9.12. The corre-sponding ratio to a compensated Airy model is A R /A T = 7.63 according to the computed model. It means that every 1 km topographic height, the balanced model would require a deficiency of root of 1.49 km. By calculating the total pressure to a normal and an anomalous lithospheric column at 180 km average depth, the same pressure of about 57 Kbar is computed. Thus, the observed deficiency of mass at Moho level would be compensated by means of the additional positive mass from the Nazca plate.
In summary, considering a heterogeneous mantle density model does not disturb isostatic evaluations for a homogeneous mantle. For the Andean system at 32° S, numerous studies have proved a present state close to the balance using simple Airy isostasy (i.e. Introcaso et al., 1992) .
CONCLUSIONS
A two-layer model for the Andean crust at 32°S was prepared. It is in agreement with both recent geophysical information and global tectonic theory. A simple density model, which assumes the crust to be laterally homogeneous, was computed. These density values were derived from seismic velocity models and then transformed into densities by means of global velocitydensities relationships. Contrasts of densities of -0.34 g/cm within the Nazca plate. It means a 3.5-5.5% velocity anomaly into the slab. This excess of mass from the Nazca plate should be supported by a deficit of mass at the Moho level.
Principal conclusions from this study are as follow: (1) Maximum crust-mantle interfaces depths are 71 km, 58 km and 50 km beneath the Andes belt, the Precordillera and Sierras Pampeanas, respectively. These thicknesses closely match seismic depths in these areas. (2) Thickening inferred from modelled crustal thickness suggests that most of the thickening occurs in the brittle crust under the Pampean ranges and Precordillera. (3) The total shortening across this section is estimated to be about 30% for a crust 40 km thick. (4) A model in which crustal thickness variation is due to horizontal compression only would explain the Andean Cenozoic uplift both for a homogeneous or a heterogeneous upper mantle.
Future tomographic results may provide a more detailed model of the lithospheric structure.
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